The Ceramics Analysisand Reliability E.valuationof Structures(CARES) integrateddesign program on statistical fastfracturereliability of monolithicceramic components isenhanced to include the use of a neutraldata base, two-dimensional modeling and variableproblem size. The data base allowsforthe efficienttransferof element stresses, temperatures and volumes/areas from the finite element output to the reliability analysisprogram. Elements are divided to insurea directcorrespondencebetween the subelementsand the Gaussian integrationpoints. Two-dimensional modeling isaccomplished by assessing the volume flaw reliability with shellelements. To demons_;rate the improvements in the algoritnm, example problems are selectedfrom a round-robinconducted by WELFEP (WEakest Link failure probability predictionby FiniteElement Postprocessors).
INTRODUCTION
Advanced gas turbinetechnologies requirematerialsthat exhibitlow density,good oxidationand corrosionresistance, high specific strengthand stiffness, allat high temperatures. Selectedstructural ceramicsexhibitthese desirablematerialproperties.Thus, improvements in fuelefficiency are anticipated due to increasedengine temperatures and pressures, which in turn generatemore power and thrust. Progressin utilizing advanced gas turbineshas also supported cogenerationtechnologies.The use of monolithicceramics as structural materialshas been limitedby theirinherentbrittleness, susceptibility to damage from thermal shock,and a largevariationin strengthwhich isreflected in diminished component reliabilities.
Thus, analysesof components fabricated from ceramic materialsrequirea departurefrom the usual deterministic design philosophy (i.e., the factorof safetyapproach) prevalentin analyzingmetallicstructuralcomponents. For thisreason,the integrateddesignprogram CARES (Ceramics Analysisand ReliabilityEvaluation of Structures)has been developed at NASA Lewis Research Center (Nemeth et al., materialstrengthparameters, the Batdorf crackdensity coefficient, and other related statistical quantities can be estimated from bend bar or uniaxial tensile specimen fracture strength data.
The structural response of isotropic components subjected to thermomechanical loads is usually determined by commercial finite element programs.
These finite element programs must be coupled to CARES for evaluation of the structural reliability for a component. The first version of CARES has proven its applicability in the design of gas turbine rotors, uncoohd combustors, engine exhaust valves, laser windows on test rigs, and spacecraft activation valves.
Currently, a next generation algorithm, CARES 3.0, has been developed that allows the design engineer access to additional finite element programs through the use of a formatted neutral data base. The algorithm is split into two separate modules:
(1) the finite element data interface program, and (2) the reliability evaluation algorithm.
In the first module, results from finite element analysis (available in the form of standard output files and/or plot data files) are interpreted. The finite element data is written to a neutral data base containing element or subelement stresses, volumes (or surface areas for shell elements), and temperatures. At this time, CARES 3.0 is coupled to the MSC/NASTRAN and ABAQUS general purpose finite element packages, and interfaces with ANSYS and MARC are being planned.
In the second module, CARES 3.0 reads this data base for the reliability analysis.
In the reliability evaluation algorithm a modular structure is used. The main program subsequently calls special subroutines for reading the control file, calculating and/or storing the material parameters, printing the input data, reading the neutral data base, calculating risk of rupture intensities (a local measure of reliability) and probability of failure, creating a PATRAN element file, and printing the results. This modular structure will make the implementation of future changes and additions, such as more sophisticated failure models, easier without undertaking extensive programming efforts.
Furthermore, a subelement technique has been implemented. In a previous version, CARES2, the element stress tensor was obtained by averaging the stress state at each node over the entire element. The nodal stress tensor was computed by extrapolating the stresses from the integration points, and as a consequence, the stress state could only be approximated.
This results in a lack of accuracy in problems where high stress gradients exist over the element. The WELFEP study examines the principle of independent action (PIA) (Barnett et al., 1967; and Freudenthal, 1968) , and the Weibull normal stress averaging method (Weibull, 1939b) . For the PIA model, the probability of failure for volume flaws, Pf_, is expressed as fvlO-.°-.o-I
In the
(1) and for surface flaws, Pfs
where m isthe Weibull modulus and a0 isthe scaleparameter, whose unitsare stress× length3/m for Oov and stressx length2/m for Cos. The subscripts v and s denote volume and surfaceflaw analysis, respectively. The principalstresses are representedby Ol, 02 and _3, V isthe volume and A isthe surfacearea.
In the normal stress averaging method (shear insensitive), the probability of failure for volume flaw analysis is given by 
Io-
The normal stress is averaged on the surface of a unit sphere for volume flaws. Analogously, the line integration is performed over the contour of a unit radius circle for surface flaws. The subelement volume is defined as the contribution of the integration point to the element volume in the course of the numerical integration procedure.
The location of the Gaussian integration point in the natural space of the finite element, as well as corresponding weight functions have to be considered when the subelement volume is calculated. For this reason, the number of subelements in each element depends on the integration order chosen, and as a consequence, the element type. The increased number of points for stress evaluation accounts for the variation in stress over the element.
Thus, considerable improvements in the accuracy of the reliability analysishave been realized(the reader isreferredto the numerical examples that follow). This version of CARES also allows variations in temperature throughout the structure. CARES 3.0 is programmed in standard FORTRAN77. This allows easy implementation on numerous computer systems.
The introduction of one large blank common array (instead of several fixed-dimension arrays) in each routine allows the user to easily adapt the program to the problem size as well as to the available computational resources.
The adaption of the size of the blank common array can readily be adjusted by resetting one parameter at the beginning of the program (MTOT).
In contrast to previous versions of CARES the code can now also be implemented on PC systems. The reliability evaluation algorithm requires two input files, a control file and a neutral data base. The control file defines the number of different materials, the temperature dependent Weibull parameters and flags for printing and postprocessing (e.g., writing the element risk of rupture intensities to a PATRAN data file). These parameters are stored in the blank common array.
The finite element results and data required for the reliability analysis are supplied by the neutral data base, including the stress tensors and temperatures at the integration points.
The structure of the neutral data base is optimized with respect to memory.
The finite element data is arranged within the neutral data base using the following hierarchy, element groups, elements and subelements.
The element group data contain information regarding the number of elements within the group. In addition to the element types available in the previous version of CARES (three-dimensional brick elements for volume flaw analysis, membrane elements for surface flaw analysis), two-dimensional finite elements are also implemented.
By assuming plane stress conditions or exploiting symmetry of the structure, the size of the finite element model can be reduced using a two-dimensional mesh. Thus, the number of degrees of freedom corld be substantially reduced.
The two-dimensional modeling options available (in plane loading versus bending) depend on the method used to determine the volume.
In the case of MSC/NASTRAN, the volume is calculated by multiplying the area of a subelement (see NEUTRAL DATA BASE CONCEPT) by the thickness of the element.
Therefore, bending effects are not taken into account because the stress is assumed to be constant through the thickness.
Information
pertaining to the elements include the number of subelements and the material identification number.
Finally, the subelement group data contains information regarding subvolume, stress tensor (i.e., the stress tensor at the integration point), and subelement temperature. The stresses and temperatures are assumed to be constant over the subelement considered.
Depending on the size of the finite element mesh (number of element groups, elements and subelements in the finite element model) pointers are calculated for the blank common array, and the corresponding size limits are checked. As the stresses are transformed to principal stresses immediately after reading the stress tensor at the subelement level, the required memory is optimized. Only the principal stresses in each subelement, the subelement volume (area in the case of shell elements), the subelement temperature, the material identification number for the considered element and the element thickness (only for shell subelements) have to be stored.
To take into account variations in the temperature field, the Weibull parameters are calculated by linear interpolation between the temperature dependent parameters entered in the control file. In CARES2, the temperature dependent material parameters were calculated by Lagrangian polynomials, but this algorithm did not work properly for special data configurations.
After performing the reliability analysis, the element risk of rupture dat_ (a local measure of reliability) can be written into a PATRAN element file. This procedure allows visualization of critical regions in the structure (only available, if the finite element mesh has been generated via PATRAN preprocessing). For a subelement over which the state of stress and temperature are assumed to be constant, the reliability is expressed as
where Ri is the reliability, cpI is the risk of rupture intensity and V i is the volume of the i'th subelement. The reliability of the component is determined by the product of all individual subelement reliabilities or a ---., v,""
The risk of rupture intensity for an element, _p_, is a weighted average of the intensities of the subelements or where n is the number of subelements within the element. For shell elements (surface flaws) the volume is replaced by an area term. The risk of rupture intensity, q)_, is only used for PATRAN postprocessing.
NEUTRAL DATA BASE CONCEPT
The concept of a formatted neutral data base allows for the interfacing of CARES 3.0 to several finite element packages. The results from the finite element analysis (available in the form of standard output files and/or plot data files) have to be interpreted by an interface program. Due to the different formats used for output of the results in each finite element program this interpreter program has to be adapted to the finite element software used. The interface programs for NASTRAN and ABAQUS have already been implemented, interfaces for MARC and ANSYS are being prepared.
The finite element results required for the reliability estimation are assembled into the formatted neutral data base. A further advantage of this approach is the ease of transfer of this formatted neutral database (ASCII file) to different computer systems.
Interpreter control parameters, such as the number of element groups to be considered in the reliability analysis, flags for accounting for temperature field gradients, etc., are usually input via an interpreter control file.
The introduction of comment lines (defined by _CONff as the first three characters of an input line) allows for a more friendly substructuring of the neutral data base. Based on the global hierarchy outlined above, the neutral file data is arranged into records with standard FORTRA_N formats: the first record (format A80) specifies the title for the particular reliability evaluation.
The next entry (format 215) contains the number of element groups NUMEL (both volume as well as surface (shell) elements) to be considered in the reliability analysis and the flag NUMELB indicating combined volume as well as surface flaw reliability analysis for shell elements. where R is the radial coordinate of the integration point in the global coordinate system.
NUMERICAL EXAMPLES
To demonstrate the improvements in the algorithm,example problems are selectedfrom a roundrobin conducted by the WELFEP group. The first testcase isa beam in pure bending. Comparisons with the analytical solutionare made to verifyconvergence and the mathematical correctness of the codes. The second structureisa notched beam in four-pointbending. The induced concentrationwill testthe algorithms used to identify element stresses.The finaltestcase isa tube under idealtorsion.
Comparisons from thisproblem verifythe manner in which the reliability formultiaxialstressstatesis determined. For the purpose of thisstudy,two failure models willbe examined: the Principleof Independent Action (PIA) and the Normal StressAveraging method (NSA). Both are based on Weibull's weakest linktheory.
To demonstrate the improvements achieved in this version of CARES 3.0, the results of the reliability analysis are compared to the reliability data generated by the previous version of the program (CARES2: subelements are obtained by dividing the element into equal cells, the stresses are interpolated from the nodes.).
MSC/NASTRAN finite element analysis is used for each of the test cases. CARES 3.0 is used to determine the reliability for volume and surface flaw analysis.
All volumes are meshed with threedimensional elements (CHEXA) and shell elements (CQUAD8) are used for modeling the surfaces (midside nodes are present).
Material properties are arbitrarily chosen (the same for each test case: Young's modulus is 300 MPa and Poisson's ratio is 0.2).
A description of the beam analyzed
in test case number 1 is given in Fig. 1 . Bending of the beam is induced by prescribed displacements that are linearly varied at x = L. Due to symmetry considerations only one quarter of the beam has to be modeled (as indicated in Fig. 1) . In order to study the influence of finite element discretization, linear finite element analyses are performed with a coarse and a fine mesh. The coarse mesh consists of 10 elements along the length direction (x), four in the height direction (y), andone element in the thickness direction (z). The fine mesh is similar with 20, 8 and one element in the length, height, and thickness directions, respectively. The results of the CARES 3.0 reliability analyses as well as the analytical solution are listed in Table I. As expected, the solutions for the refined mesh are much closer to the analytical value than the results for the coarse mesh. Comparing the results from CARES 3.0 to the results for the previous version CARES2 shows significant improvements in accuracy. Even in the case of the coarse mesh, the increased number of subelements enables the model to approach the exact solution.
The results for the fine mesh nearly coincide with the analytical solution.
By modeling the component with a coarse mesh, numerical efforts in finite element analysis can be reduced for preliminary design.
The final design is usually checked with a fine mesh.
In Example 2, a notched beam in four-point bending is investigated.
Due to the notch, a stress concentration is induced which yields a multidimensional stress field. Symmetry considerations again allow us to reduce the finite element model to one quarter of the original beam (as shown in Fig. 2) . In the vicinity of the notch the finite element model is refined to account for the strongly varying stress gradient. The reliability results are listed in Table I In Example 3, a tube under pure torsion is analyzed. Figure 3 shows the geometry of the tube. Torsional stresses are induced by prescribed displacements at the end of the tube (z -L). Three elements are used in the radial direction, 24 around the circumference, and only one element in the length direction. The results of the reliability analysis are shown in Table I , including the analytical solution of this problem for the PIA model. Again, CARES 3.0 delivers more conservative results than CARES2. The probability of failure data coincides with the analytical solution for the PIA model. To achieve the same degree of accuracy with CARES2, a refined mesh would be necessary. Thus, CARES 3.0 allows considerable reduction in the size of finite element discretizations.
SUMMARY
Based on the previous version, CARES2, an improved analytical tool has been developed for the reliability evaluation of monolithic ceramic components. By dividing the original program into two separate modules, a greater flexibility is achieved leading to easy integration with various finite element programs. Additionally, the neutral data base concept allows easy data transfer between different computer systems. The modular structure also allows for the incorporation of more sophisticated failure models. CARES 3.0 will serve as the platform for future time dependent analysis.
With the introduction of a new subelement technique, the accuracy of the reliability analyses has improved.
In order to achieve the same degree of accuracy, 
WITH CARES 3.0
The following describes the necessary information to be included in the MSC/NASTRAN input for further analysis by CARES 3.0. Figure A1 shows were used for the analysis. These solution methods were employed because element volumes and areas can be obtained through a PARAM card located in the BULK DATA.
Since the element (and subelement) volumes/areas are now calculated by NASCARES, there is no longer a limit on solution sequences selection.
For the CASE CONTROL
DECK, a typical problem may contain,
STRESS (PRINT) =ALL ECHO=SORT

BEGIN BULK
The following three items are important to note. First, multiple load subcases are not defined. CARES 3.0 does not handle stress output from multiple subcases. 
